ABSTRACT The World's Poultry Science Association (WPSA) is a long-established and unique organization that strives to advance knowledge and understanding of all aspects of poultry science and the poultry industry. Its 3 main aims are education, organization, and research. The WPSA Keynote Lecture, titled "Modeling as a research tool in poultry science," addresses 2 of these aims, namely, the value of modeling in research and education. The role of scientists is to put forward and then to test theories. These theories, or models, may be simple or highly complex, but they are aimed at improving our understanding of a system or the interaction between systems. In developing a model, the scientist must take into account existing knowledge, and in this process gaps in our knowledge of a system are identified. useful ideas for research are generated in this way, and experiments may be designed specifically to address these issues. The resultant models become more accurate and more useful, and can be used in education and extension as a means of explaining many of the complex issues that arise in poultry science.
INTRODUCTION
It is often difficult for supervisors at universities to think of innovative and interesting research topics for the students registered under them, especially as the number of students per supervisor increases. Similarly, poultry scientists at research institutes may have difficulty identifying areas of research that may attract funding. All too often the research that is tackled is a rehash of work published previously under the guise of this being tested in a different environment or in a country different from that in which it was originally conducted. To move science forward, it is beneficial to generate ideas for research that differ from the mundane and conventional.
The role of scientists is to put forward and then to test theories. These theories, or models, may be simple or highly complex, but they are aimed at improving our understanding of a system, or the interaction between systems. In developing a model, the scientist must take account of existing knowledge, and in this process gaps in our knowledge of a system are identified. useful ideas for research are generated in this way, and experiments can be designed specifically to address these issues. The resultant models become more accurate and more useful and can be used in both education and extension as a means of explaining the many complex issues that arise in poultry science.
In this paper, examples will be given of research that has been directed at improving a broiler growth model that accurately predicts feed intake; a laying hen model that accurately predicts the ovulation sequences of hens making up a population over their reproductive cycle, as well as the weights of the egg components as they change during the laying period; and a model to predict the age at sexual maturity of broiler breeder pullets as influenced by BW at 20 wk and the photoperiod to which they have been subjected to that age. These examples serve as evidence that model development is a rich source of ideas for innovative research. Making use of such models during appropriate university courses increases considerably the chance of improving the understanding by the student of the system being modeled. Emmans (1981 Emmans ( , 1987 described a model whereby voluntary feed intake in growing birds and animals may be predicted. Essentially, the potential rate of growth of a given genotype is described from which the amino acid and energy intakes to sustain maintenance and this potential growth can be calculated. By comparing the required intakes of each nutrient with the concentration of that nutrient in a given feed, the feed intake needed to meet the requirement for the most limiting nutrient can be calculated. This desired feed intake might not be achieved due to constraints such as feed bulk and high temperatures; thus, the effects of such constraining factors must be considered before the actual feed intake can be predicted. This theory has been the source of numerous research projects involving genotype description, measurements of nutritional constants, feed and animal characteristics, and environmental heat demand. Some of these are described in more detail below to give some examples of research projects that have been identified and conducted with the objective of testing some of the assumptions in the theory and providing numbers to make the theory more accurate.
Modeling Feed Intake and Growth in Broilers
Describing the Genotype. It is the potential growth of a bird that is used when describing the genotype and not the actual growth, which may be constrained by many insults, and there is no reason why any particular growth function might describe this potential (Fisher, 2013) . However, because of some useful properties of the Gompertz (1825) growth equation this was chosen by Emmans (1987) to describe potential growth. The 3 parameters needed are the initial and final (mature) weights and the rate of maturing (B, /d). At the time Emmans (1981 Emmans ( , 1987 proposed that broiler genotypes could be described in this way, there were no publications from which such information could be obtained. Because this is a fundamental aspect of his theory of feed intake regulation, many studies of these growth parameters under assumed nonlimiting conditions have subsequently been reported for broilers (Stilborn et al., 1994; Hancock et al., 1995; Gous et al., 1996 Gous et al., , 1999 Hruby et al., 1996; Wang and Zuidhof, 2004; Sakomura et al., 2005 Sakomura et al., , 2006 . Different methods have been used in an attempt to provide relatively nonlimiting conditions (choice feeding, laminar flow chambers), and much discussion has ensued in the literature concerning these measurements. Now that the values of these parameters are better known, as a result of the measurements made, projections are possible of how these values might change with time given the selection goals of breeding companies. The 3 parameters of the Gompertz equation are not sufficient to describe a genotype: also of importance are the inherent fatness of the genotype, the propensity to fatten, a description of the feather cover, and potential growth rates of the physical parts such as breast, thigh, drum, and so on.
Differences exist in the inherent fatness of strains and sexes, which are more difficult to measure than the other chemical components of the body (water, protein, and ash) because lipid stores are used to assist a bird to overcome deficiencies in a given feed (Fisher, 1984) . Gous et al. (1990) have shown that the fatness of a broiler is predominantly a function of the way in which it is fed rather than a genetic characteristic, although of course genotypes do differ in their inherent fatness. The capacity to fatten influences the ability of a genotype to cope with poor quality feeds: a lean genotype with little capacity to overconsume energy when faced with a low protein feed will exhibit low feed intake and growth on such a feed, whereas another genotype might have the ability to consume more than twice the amount of energy required for inherent lipid gain. This is an important genetic characteristic when predicting voluntary feed intake, which therefore needs to be evaluated in each genotype. Measuring feed intake and carcass lipid gain of broiler or turkey genotypes placed on a low protein feed such as in the experiments of Clark et al. (1982) , Gous and Morris (1985) , and provides evidence of the ability of broilers to fatten. No such experiment has been conducted with turkeys, so their capacity to fatten on low protein feeds remains unknown.
The ability of a bird to lose heat to the environment is also of importance when predicting feed intake. A considerable amount of heat is generated by growing broilers through maintenance, activity, growth processes, and the heat increment of feeding, and this heat must be lost to the environment if the bird is to remain in thermal balance. Clearly the amount of feather cover will influence the amount of heat that may be lost (Gous and Morris, 2005) . Measuring the rate of feather growth and resultant cover presents difficulties that require consideration: how is feather loss measured, and is the amount of heat lost from the bird different when the weight of feathers on 2 strains are the same but one has more bare patches than the other? The maximum and minimum amounts of heat that a broiler can lose to the environment would be a function of the feather cover, the degree of maturity of the broiler and the environmental heat demand, the latter being a function of temperature, RH, wind speed, and radiant heat load (insulation). Emmans (1989) proposed that the maximum and minimum heat loss declined linearly as the environmental temperature increased, the difference being wide apart at low temperatures and coinciding at zero when the environmental temperature reached body temperature. This theory has not yet been fully tested, nor has the effective temperature, taking into account the factors mentioned above, been accurately described for chickens, although this has been attempted for pigs by Mount (1975) , Bruce and Clark (1979) , and others. The issues involved in describing the effective temperature in broilers are well articulated by Blanco and Gous (2006) .
Genetic selection has been very effective in improving the breast meat yield of broilers with resultant high yield strains having been developed by some breeding companies (Aviagen, 2013; Cobb, 2013) . The challenge is to be able to model these differences between strains. All parts of the body that share a common rate of maturing (B in the Gompertz growth equation) are allometrically related, so the most efficient way of modeling the increase in weight of each of these parts during the growth of a broiler is to make use of the allometric relationships that exist between these parts and body protein. In this way, the actual rate of growth of body protein only need be simulated, with the weights of the parts at any stage of growth being derived from body protein weight at that time. The rate of feather growth cannot be determined in this way because feather protein growth does not share a common rate of maturing with body protein growth. To measure the allometric coefficients that describe the rates of growth of the important parts of the body in relation to the weight of body protein, birds need to be sampled at regular intervals throughout growth so that the weights of the parts can be measured, whereafter the chemical composition (particularly body protein) of each bird needs to be determined.
In a series of trials Gous, 2011, 2013 ) in which such allometric relationships were measured in different broiler genotypes given feeds differing in balanced protein content, no differences were evident between genotypes or sexes in these relationships, confirming previous research on this topic conducted in Australia (R. M. Gous and R. A. E. Pym, university of Queensland, Brisbane, Australia, unpublished) in which males and females of 9 strains of broiler were tested in this way, and in Turkey (S. Yalcin and R. M. Gous, Ege university, Izmir, Turkey, unpublished) in which the Ross 308 and 708 strains were compared. Differences certainly exist between these genotypes when the weights of the parts are plotted (regressed) against age or BW, but not when plotted against body protein (Figure 1a and b) . The only factor that caused differences in the allometric slope was dietary protein content: the weights of parts in birds given low protein feeds were heavier at a body protein weight as a result of additional lipid having been deposited in the tissues because of the excess energy that was consumed on these low protein feeds. This implies that genetic selection has changed the rate of growth of body protein and reduced the rate of deposition of lipid, but not the relative composition of the body parts. In the literature there are many papers (Wijtten et al., 2004; Corzo et al., 2005; Fanatico et al., 2005; Fernandes et al., 2013 , among many others) that report the effects of feed, genotype, or environment on the yield of parts, but none report the body protein content resulting from such treatments. As a result, these researchers have been unaware that the treatments imposed have influenced body protein and lipid growth, which would explain the differences observed in the weight of parts. More attention should be paid to measuring the chemical composition of birds at the termination of trials than has been done in the past, even though this is a costly exercise.
An interesting phenomenon observed while measuring the allometric coefficients between body protein and the salable parts of the broiler has been that breast weight at 1 d of age invariably falls below the slope common to all later measurements, thereby causing the allometric slope to steepen and the goodness of fit to diminish, as illustrated in Figure 1 . Sklan (1997, 1998) and Halevy et al. (2006) showed that breast meat weights at 1 d of age were heavier when chicks had access to feed before being removed from the incubator, which suggests that breast muscle may be used to supply nutrients to the body during this period. A study comparing the effects of early feeding with the conventional approach on the allometric relationships between body protein and the physical parts of the body at 1 d of age might shed light on whether the breast is being depleted of nutrients for other purposes during the last stages of incubation. This may explain the benefit in final breast meat yield derived from feeding a high protein feed in the first few days after hatching (Kemp et al., 2005) .
other characteristics of the genotype of interest to modelers are the bulk capacity of the digestive tract, the ability to acclimatize to high temperatures and bulky feeds, and differences in the ability of birds to digest feed (Carré et al., 2005) and to cope with stress (Wellock et al., 2004) , the latter being of greater importance when stochasticity is introduced into a model, for example when a population is simulated. These topics could lead to a wealth of experiments, all of which would prove valuable when developing a model.
Measuring Amino Acid Requirements for Maintenance. As a broiler grows, its maintenance requirements become an increasing proportion of its total requirement for energy and amino acids. Much of the earlier literature regarding maintenance requirements for growing birds is equivocal and confusing. The amino acid requirements for maintenance, for example, should be expressed in terms of body protein content and not BW because these nutrients do not maintain body lipid. This principle has been well articulated by Emmans and Fisher (1986) , having taken into account the degree of maturity of the bird according to the scaling rules suggested by Taylor (1980) . Various methodologies have been suggested for measuring maintenance requirement Bonato et al., 2011) , but more rigorous research needs to be directed toward this important aspect of defining the amino acid requirements of a given bird at a given time during growth.
Measuring Characteristics of the Feed. The bulk capacity of a broiler was mentioned above. This capacity must be measured in terms of feed characteristics such as crude fiber, density, and water-holding capacity (WHC), and the appropriate parameter(s) must then be measured in feed ingredients. Kyriazakis and Emmans (1995) found that WHC was the best predictor of gut capacity in growing pigs, but this has not yet been tested in broilers. Were WHC to be the best predictor for broilers, it would be worthwhile measuring this parameter in all the feedstuffs that are used in broiler nutrition, as well as ascertaining whether these measurements are additive.
of considerable importance when predicting voluntary feed intake is determining whether the bird can lose sufficient heat to the environment to enable it to consume a sufficient amount of the given feed and grow to its potential. The ME system gives no indication of the heat increment resulting from the consumption of a given feed. The net energy system is both expensive and difficult to implement, whereas the effective energy (EE) system proposed by Emmans (1994) is not. As a result, the EE system has been used in several simulation models (Ferguson et al., 1994; EFG Software, 1995; Ferguson, 2006; Johnston and Gous, 2006; Gous and Nonis, 2012) as a means of calculating heat increment and the energy required by birds and animals during growth and reproduction. Three aspects of the complete feed being offered that are not commonly used in feed formulation are needed when implementing the EE system: the digestibilities of dietary protein and lipid and the proportion of feed lipid that is deposited directly into body lipid. The first 2 raise questions about the additivity of digestibility measurements that have still not been resolved, whereas the third measure has never been tackled. This is a challenging project but one that could certainly be tackled by feed technologists.
Modeling Reproduction in Laying Hens and Broiler Breeders
The mechanistic approach to modeling reproduction is to describe the process in an individual and then to simulate a population of hens using the Monte Carlo method. However, most experiments with laying hens are conducted using replicate groups of birds rather than individuals, thus masking the contribution made by each hen. To describe such characteristics as the changes that occur in the potential rate of oviposition over time and the rate at which a hen adjusts its feed intake when switching from one feed to another, measurements must be made on individually caged birds. Fraps (1955) proposed a theory that described the ovulatory process in laying hens which may be used to illustrate why hens lay in clutches. Etches and Schoch (1984) described this process mathematically and in their publication presented values of each of the 7 parameters describing the process that would result in a finite number of given clutch lengths. Johnston and Gous (2006) took the process further by describing con- tinuous functions that could be used to enable clutches of any given length to be generated. Clutch lengths vary over time, with the prime (longest) sequence usually occurring some weeks after the onset of lay. The pattern of clutch lengths with time vary among individuals within a genotype and between genotypes; thus, these patterns need to be described for individuals within strains. Zuidhof et al. (1999) developed a program that analyses laying performance of individually caged hens, which greatly assists in analyzing and summarizing these sequences.
A favored approach when measuring responses of laying hens to a limiting nutrient is to conduct the trial over a 10-wk period and then to analyze the data from only the last 4 wk of the trial, on the assumption that a steady state on each treatment would have been reached by that time (Morris, 1981) . Whereas this approach has been useful in describing responses to many limiting amino acids (Fisher and Morris, 1970; Pilbrow and Morris, 1974; Gous et al., 1987; Wethli and Morris, 1978; Morris and Blackburn, 1982) , it has masked some interesting and useful information. In all these trials, mean feed intake is higher on marginally deficient protein levels than on the highest level and is significantly lower on the lowest protein feeds, but the rate at which these changes occur has not been reported. using individually caged hens and measuring their intake and egg output daily over the transition period would provide the information required to understand the changes that occur in the hen, thereby enabling a mechanistic approach to be taken to describe these changes. It is unlikely that such measurements would have been made had a model not been the ultimate objective.
Predicting Age at Sexual Maturity
The potential laying performance of a hen depends on the age at which it becomes sexually mature, and the age at first egg (AFE) is influenced by both the lighting program to which it has been subjected during rearing and its BW at sexual maturity. Lewis and Morris (2004) discovered that laying strains differ in their sensitivity to light; thus, this characteristic needs to be measured in each strain if their models that predict the age at sexual maturity are to be sufficiently accurate. The effects on AFE of 1 or 2 changes to the lighting program are accommodated by their models Morris, 2004, 2008) . The response of broiler breeders to light differs markedly from that of laying-type pullets, and this was the subject of a series of experiments by Lewis and coworkers (Lewis et al., 2003; Lewis and Gous, 2006) that was inspired by the desire to model the system in broiler breeders and culminated in an empirical model that predicts AFE in these pullets when subjected to one change in day length during rearing (Lewis et al., 2007) . Without that impetus, the subject would probably still not have been researched.
Models as a Teaching Tool
The old paradigm of teaching that relied on rote learning and regurgitation is outdated, having been replaced by an experiential learning and problem-solving approach (Gibbs, 1981; Nunan, 1988; Claxton, 1990) . As the study of cognition has progressed, the concept of the transfer of knowledge has been replaced by the theory of the construction of knowledge; that is, that learners have to individually make meaning of what they are taught, and actively construct that knowledge and understanding for themselves. Bonwell and Eison (1991) maintain that to learn, students must do more than just listen. They must read, write, discuss, or be engaged in solving problems. In particular, students must engage in such higher-order thinking tasks as analysis, synthesis, and evaluation. It is believed that when students find information relevant and meaningful, it is easier for them to understand that material and then to construct knowledge more effectively. Thus, the teacher no longer plays the role of the knowledge-giver in the learning situation but instead creates an optimal learning environment by giving students real-world problems to solve. A modeling approach works extremely well in this context. Instead of students having to listen to a series of lectures on a given subject, models could be constructed by them, or existing models could be used to enable them to gain a deeper understanding of the subject, both approaches being far more effective in honing their cognitive skills than is possible simply by listening. Many examples could be given in which models have been successfully used to improve students' understanding of a subject. Here are just 2:
The Reading Model (Fisher et al., 1973) provided an understanding of the reason why the response in egg output of a flock of laying hens is curved when subjected to increasing inputs of an essential nutrient, when theoretically the response of each individual in the population is linear to the point where the potential output is reached, whereafter there is no further increase in response. This is a fundamental principle in quantitative nutrition and its understanding makes it easier to comprehend that an individual may be seen to have a requirement for a nutrient at a point in time but a flock of birds cannot: instead, the flock responds to increasing intakes of the nutrient and at some point an optimal economic intake will be achieved. Modeling this system in Excel is a rewarding exercise for nutrition students. Not only do they learn a fundamental truth that a response is curved because of the variation in BW (maintenance) and potential egg output in the flock and the covariance between these 2 parameters, but they can also apply economic principles to the resultant curve and determine the optimum economic intake of the test amino acid.
Students of nutrition are likely to be given access to linear programming software so they can learn the fundamentals of least cost feed formulation. However, very few students are given the opportunity of testing their feeds, or of attempting to improve the result of feeding, for example, by finding a series of feeds and a feeding program that will maximize margin over feed cost. Without doing such an exercise, the student is less likely to understand the concept of formulating feeds that will meet the objectives of the business, and may be satisfied simply with being able to formulate a feed at least cost. A model that predicts feed intake and performance would be a useful and exciting tool to be used in a nutrition course. Competitions could be run to determine which student produces the most profitable broiler flock. Different objective functions could be set to reflect real-life scenarios that would require different solutions, thereby giving students practice for the real world, and differences in the response of male and female broilers could be made the subject of discussion regarding the cost benefit of sexing broilers at 1 d old.
There is no doubt that modeling produces a rich environment for poultry scientists in which many ideas for interesting and useful research may be generated. Also, students would benefit greatly from the process of developing and using appropriate models in a teaching environment because this will expose them to reallife problems while improving their cognitive skills of analysis, synthesis, and evaluation.
